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ABSTRACT
Some well-developed microbial mats have calcified structures called microbialites in Storr’s 
Lake, a hypersaline lake on the east coast of San Salvador Island, Bahamas. Many of theses 
microbialites are laminated, and therefore classified as stromatolites. This study focuses on a 
small stromatolitic knob collected from the bottom of Storr’s Lake, whose mineralogy is 
dominated by aragonite and high-Mg calcite. These two minerals appear to dominate different 
layers that are classified by the depth below the top surface of samples. This study concentrates 
on mapping and finding the distribution of these two minerals. Titan-Yellow staining 
colorfully distinguished mineralogical spatial distribution in stromatolites, while a higher 
resolution of aragonite and high-Mg calcite distribution was accomplished by using a Scanning 
Electron Microscope. The stromatolitic intervals include oriented, wavy to parallel carbonate 
and organic-rich laminae from Titan-Yellow stainning results, as well as 1 mm diameter 
spherules with laminae of aragonite. Botryoidal aragonite is either discontinuous 
(distinct botryoids) or forms more continuous laminae (coalesced botryoids). This project can 
be used to inform future studies of fine-grained stromatolites in the fossil record, and 
discussion about controls and formation procedure on the mineralogical compositions. 
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INTRODUCTION 
Stromatolites are a type of microbialite (benthic microbial deposits; Burne & Moore, 1987) 
with characteristic mesoscopic lamination resulting from complex interactions between 
extrinsic and intrinsic factors (Reid et al., 2003; Riding, 2011; Bosak et al., 2013). The 
formation of these laminated microbialites involves two main processes: (1) the trapping 
and binding of sediment and (2) the precipitation of carbonate minerals (e.g., Monty, 1977; 
Riding 2000, 2011). Both of these processes are controlled by the properties of the 
depositional environment, for example, the amount and type of sediment, and the 
carbonate minerals’ saturation state (e.g., saturated, under-saturated or over-saturated). 
In the scientific community, stromatolites receive attention because they are believed to 
be among the oldest traces of life in the rock record (Hofman et al., 1999; Allwood et al., 
2006, 2007). On the early Earth, before the appearance of plants, animals and other 
eukaryotes, stromatolites could have dominated the global carbon cycle or affected the 
state of Earth’s climate and atmosphere. Thus, understanding ancient stromatolites is 
critical to understanding Earth’s history. 
Although X-ray diffraction (XRD) studies confirmed the presence of both Mg-calcite and 
aragonite in the plateau-mushroom and pinnacle mound microbialites used in this study, 
only Mg-calcite was identified in other microbial morphotypes from the study site (Paul 
et al., 2016). A precise and direct distribution of Mg-calcite and aragonite in stromatolites 
used in this study is not provided. Staining thin sections with Titan yellow and fixing 
them with sodium hydroxide solution should achieve accurate spatial recognition of Mg-
rich calcite in thin sections of these microbialites. In this way, a better understand of the 
formation of ancient fossil stromatolites, especially the Mg isotopic composition can be 
developed (Choquette & Trusell, 1978; Li, 2017). Furthermore, SEM (scanning electron 
microscopy) can provide detailed high-resolution images of the sample, particularly 
showing the boundary of Mg-calcite and aragonite, by rastering a focused electron 
beam across the surface and detecting secondary or backscattered electron signal. 
2 
Previous work by Zijian Li (2017) indicated that Mg isotopic compositions of 
microbialite sublayers could be controlled by the percentage of aragonite versus Mg-
calcite, suggesting that the transformation from aragonite to calcite (or vice versa) is 
important and necessary to study in order to have a comprehensive understanding of 
strmatolites’ formation process of Storr’s Lake (study site). 
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GEOLOGIC SETTING 
Storr’s Lake is a hypersaline lake on the northeastern, windward coast of San Salvador 
Island, which is located on a small, isolated bank at the eastern edge of Bahamas (Curran, 
1997). 
Figure 1. Location map of Storr’s Lake within San Salvador Island, The Bahamas (figure from Park, 2012) 
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Storr’s Lake is composed of a larger, deeper northern section (“North Basin”) and a 
smaller, shallower southern section  (“Central Basin”), which is separated by a small zone 
called “the narrows” (Zabielski, 1991; Figure 1). Storr’s Lake is a shallow lake that only 
reaches a maximum depth of two meters, and the water levels fluctuate throughout the 
year (Fowler, 2011). 
The northern section of Storr’s Lake has been the focus by more scientists than the 
southern section. Extensive carbonate sediments have developed here for the past 3000 
years (Hattin, 1982), and various microbialite structures have been classified by depth 
(Mann & Nelson, 1989). Based on previous invastigation, the northern section of Storr’s 
Lake can be divided into five zones; from shallow to deep are soft algae mounds, 
microbial mat (coarse sediment), bulbous crusts, mushroom-shaped heads and club-
shaped heads (Neumann et al., 1989; Mann & Nelson, 1989; Paull et al., 1992). 
Figure 2. Storr’s Lake Northern Sector Zones (figure from Fowler, 2011) 
The southern section is smaller and shallower than the northern section, and the average 
salinity and temperature of the lake are ~60 ‰ and ~26℃, respectively, with the pH 
ranging from ~8.1 to ~8.6 (Fowler, 2011). In comparison to northern sections, the 
southern sections exhibit higher ionic concentrations because southern sections of the 
lake are shallower than the northern sections and would be more strongly influenced by 
evaporation (Glumac & Savarese, 2016). 
For this study, the sampling location was in the southwestern section, labeled as WS-1 
(Figure 3), stromatolitic knobs were collected manually from the bottom of Storr’s Lake 
(Figure 4). Zijian Li (2017) made thin sections at The University of Texas at Arlington. 
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Figure 3. Sampling Location in Storr’s Lake (figure from Dupraz, 1999) 
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Figure 4. (A) Front view, (B) Side view of mound sample WS-1 (Li, 2017) 
Figure 5. Thin section of mound sample’s transverse section from the base 
of WS-1 
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Methods 
Titan-Yellow Stain 
Staining of the thin section in the laboratory was done at The Ohio State University. The 
procedure followed the methodology of Choquette & Trusell (1978) which includes two 
main steps, one is staining and the other is fixing. To start the work, two solutions were 
prepared ahead, one for stain and the other for fixer, as follows: STAIN: 0.5060 gram 
Titan-Yellow (powder, C.I. 19540) 
4.0246 gram Sodium Hydroxide (NaOH) 
2.0443 gram EDTA (C10H16N2O8) 
0.5000 liter distilled water 
FIXER: 100.0053 gram NaOH pellets 
0.5000 liter distilled water 
The two solutions are stored at room temperature and out of direct sunlight using foil 
cover. Both of the solutions were stored in polyethylene bottles in case of corrosion with 
glass. Under these conditions, thin sections were treated as follows: 
1. Etch uncovered thin section about 15 seconds with 25% concentration acetic acid
solution on clean watch glass.
2. Transfer thin section and watch glass to airflow workstation and air-dry thin section
for 20 minutes.
3. Immerse thin section in stain solution for 20 minutes on clean watch glass.
4. Transfer thin section and watch glass to airflow workstation and air-dry thin section
for 20 minutes.
5. Immerse thin section in fixer solution for 30 seconds on clean watch glass.
6. Transfer thin section and watch glass to airflow workstation and air-dry thin section
for 20 minutes.
Saturations of the stain color increase generally toward more vivid reds with increasing 
Mg content, and finer crystalline Mg-calcite constituent (Choquette & Trusell, 1978). 
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Leica Microscopy 
Microscope works accomplished in the SEMCAL (Subsurface Energy Material 
Characterization and Analysis Laboratory), Ohio State. The entire process took two days 
in total, one day for imaging unstained thin section (area size: 7.5cm * 4.0cm) and the 
other day is for stained thin section. A Leica DMS1000 microscope was used. The Leica 
DMS1000 digital microscope system is highly versatile tool for viewing microscopic 
specimens and capturing still images. With this microscope, tiniest details of thin section 
were captured as 34 high-quality, full color still images. Scales include 10mm, 5mm, 
2mm and 1mm. Magnification of the images range from 4x to 20x. Because Leica 
microscope is for locating the distribution and figuring the arrangement of calcite and 
aragonite, not for internal crystalline structures of two minerals, therefore, high 
magnification observation is not needed. 
Scanning Electron Microscopy 
The Scanning Electron Microscope (SEM) work completed by Dr. Julia Sheet and Dr. 
Sue Welch in the SEMCAL, Ohio State. SEM was used to reveal information about 
sample’s chemical composition, including elemental maps and discrimination of phases 
based on mean atomic number. SEM was also used to show sample’s crystalline structure 
and orientation of materials making up the sample. 
SEM uses a focused beam of high-energy electrons that is dissipated as a variety of 
signals produced by electron-sample interactions, because accelerated electrons can pass 
through sample without interaction, undergo elastic scattering and can be inelastically 
scattered. Elastic and inelastic scattering result in a number of signals, including 
secondary electrons (generate SEM images), backscattered electrons (illustrate 
composition contrast), and diffracted backscattered electrons (determine crystal structures 
and orientation of minerals) (Swapp, 2017). 
SEM was used to discriminate between high-magnesium calcite and aragonite at high 
spatial scales and hence the boundary area between two minerals became our focus. 
9 
Moreover, using primarily backscattered electron images and also Energy Dispersive X- 
ray Analyzer (EDX) to confirm elemental composition differences. The EDX was also 
used to create elemental maps of the sample at one location 1.5mm * 1.5mm with the 
accelerating voltage 15.00 kV. Magnification of the images ranges from 110x to 2000x. 
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Results 
Titan-Yellow Stain Result 
Choquette and Trusell (1978) showed that the color of calcite stained with Titan-yellow 
depends on its magnesium content. High-Mg calcite takes a deeper red color, while low-
Mg mineral takes a pale red color. This method is powerfully selective in its ability to 
discriminate Mg-calcite from other carbonate minerals (aragonite). After Titan-yellow 
stain, Mg-calcite shows a dark orange color; in the meantime, aragonite shows a light 
orange color in the sample investigated for this study. 
Observations using Leica DMS1000 microscope indicate the color difference of two 
minerals, in association with a range of arrangement types. These types are distributed 
randomly in the thin section and captured as figures under different magnification, 
including the following: 
Magnification x4 — WS1 (Figure 6) & sWS1 (Figure 7) 
Magnification x8 — C (Figure 24) & sC (Figure 25) 
Magnification x10 — A (Figure 8) & sA (Figure 9) 
B (Figure 16) & sB (Figure 17) 
Magnification x20 — D (Figure 34) & sD (Figure 35) 
From A’ (Figure 10) to sA’’’ (Figure 15) 
From B’ (Figure 18) to sB’’’ (Figure 23) 
From C’ (Figure 26) to sC’’’’ (Figure 33) 
From s1 (Figure 36) to s4 (Figure 39) 
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Ⅰ. WS1 and sWS1 represent the entire stromatolites thin section area before (Figure 6) 
and after stain (Figure 7) under magnification x4. There are two major colors in WS1, 
one is dark tan and the other is light tan. In sWS1, light orange color dominates the thin 
section, indicating low-Mg mineral, while minor dark orange color represents high-Mg 
mineral according to Choquette and Trusell (1978). Several microscopic components 
make up the stromatolites. These components likely include: high-Mg calcite, aragonite, 
and organic matter. The stromatolitic intervals include oriented, wavy to parallel 
carbonate and organic-rich laminae. Spherules with laminae of low Mg carbonates are 
common. Botryoidal aragonite is either discontinuous (distinct botryoids) or forms more 
continuous laminae (coalesced botryoids). 
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Figure 6. WS1, entire thin section before stain 
Figure 7. sWS1, entire thin section after stain 
13 
Ⅱ. A (Figure 8) and sA (Figure 9) represent the upper right area of stromatolites thin 
section under magnification x10. Some peculiar features observed, including wavy high 
Mg carbonate laminae parallel to margins, meanwhile, rare low Mg carbonate spherules 
that are 1 mm in diameter surrounded by high Mg carbonate. 
Figure 8. A, thin section of area A before stain, wavy carbonate laminae parallel to the margin 
low Mg carbonate sphere 
wavy carbonate laminae 
Figure 9. sA, thin section of area A after stain, low 
Mg carbonate sphere surrounded by high Mg carbonate 
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Ⅲ. A’ (Figure 10) and sA’ (Figure 11) represent left sector zone of area A under 
magnification x20. Organic matter and fibrous high-Mg carbonate were captured. 
Figure 10. A’, thin section of area A’ before stain 
Figure 11. sA’, thin section of area A’ after stain 
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Ⅳ. A’’ (Figure 12) and sA’’ (Figure 13) represent lower sector zone of area A under 
magnification x20. Organic matters clot separately in the center, associated with high Mg 
carbonate laminae parallel to margin. Botryoidal low Mg carbonate is discontinuous 
towards the right of the image (distinct botryoidal).
Figure 12. A’’, thin section of area A’’ before stain 
distinct 
botryoidal low 
Mg carbonate 
Figure 13. sA’’, thin section of area A’’ after stain 
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Figure 14. A’’’, thin section of area A’’’ along the margin before stain 
Figure 15. sA’’’, thin section of area A’’’ along the margin after stain 
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Figure 16. B, thin section of area B before stain, carbonates is sporadic with minor organic matter 
Figure 17. sB, thin section of area B after stain 
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Figure 18. B’, thin section of area B’ before stain 
Figure 19. sB’, thin section of area B’ after stain 
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Figure 20. B’’, thin section of area B’’ before stain, carbonates distribute discontinuously 
Figure 21. sB’’, thin section of area B’’ after stain 
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Figure 22. B’’’, thin section of area B’’’ before stain 
Figure 23. sB’’’, thin section of area B’’’ after stain 
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Figure 24. C, thin section of area C before stain 
Figure 25. sC, thin section of area C after stain 
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organic matter clot 
Figure 26. C’, organic matter clot appears in the top right corner 
Figure 27. sC’, high Mg carbonate formed along the margin 
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Figure 28. C’’, thin section of area C’’ before stain 
Figure 29. sC’’, thin section of area C’’ after stain 
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Figure 30. C’’’, thin section of area C’’’ before stain 
Figure 31. sC’’’, thin section of area C’’’ after stain, high Mg carbonate formed along the margin in the 
bottom left corner 
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Figure 32. C’’’’, thin section before stain 
Figure 33. sC’’’, thin section after stain, high Mg carbonate formed along the margin in the top right corner 
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Figure 34. D, thin section before stain, parallel laminae was captured 
Figure 35. sD, thin section after stain, high Mg carbonate formed along the margin 
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Figure 36. s1, low Mg carbonate spherules that are 1 mm in diameter surrounded by high Mg carbonate 
Figure 37. s2, low Mg carbonate with relatively smaller size 
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Figure 38. s3, high Mg carbonate formed rod-like 
Figure 39. s4, thin section after stain 
29 
SEM Results 
With the Scanning Electron Microscope (SEM), 5 backscattered electron images, 5 
Energy Dispersive X-ray Analyzer (EDX) spot analysis images and 3 elemental mapping 
images were captured. Each EDX analysis image corresponds to a spot on backscattered 
electron image. Elemental mapping images show the spatial distribution of 3 different 
elements (Ca, Sr, Mg), indicating that brighter the chemical zonation the higher the 
concentration. 
Figure 40 represents shows boundary area of two substances. One is locateds at in the left 
side section with dark, solid materials. The other is locateds at in the right side section 
containing crystalline structure with light color. A preliminary deduction is: left section is 
organic matter or epoxies, while right section is one of two major minerals (high-Mg 
calcite & or aragonite) existing in stromatolites. Based on EDX analysis of left side 
section (Figure 41), there are quantities of carbon and small amount of magnesium, 
indicating those dark, solid materials are carbon-rich and highly likely organic matter. 
Moreover, an EDX analysis of epoxies (Figure 42) reveals the appearance of iron and 
copper, which is further evidence that excludes the possibility of those dark, solid 
materials being high-Mg calcite or aragonite and supports the preliminary conjecture. 
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Figure 40. Backscattered electron image of boundary area of organic matter (left side, dark materials) and 
aragonite lath (right side, light color) 
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Figure 41. EDX analysis of left side materials, showing a large peak of carbon, and small peak of 
magnesium 
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Figure 42. EDX analysis of epoxies, slight amount of iron and copper were detected 
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Figure 43 shows the mineral located on the right side of Figure 40, which is probably 
high-Mg calcite or aragonite. Image shows an aggregate of fibrous crystals, crystal 
morphology is lath-like. EDX analysis of the mineral (Figure 44) reveals a peak of 
strontium and relatively small amount of magnesium, indicating the mineral is aragonite. 
Figure 43. An aggregate of fibrous aragonite crystals with lath-like morphology 
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Figure 44. EDX analysis of aragonite, showing a peak of Sr and a smaller peak of Mg 
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Viewed with smaller magnification, there is a large area of light color minerals (Figure 
45), assuming it aragonite. For further information, EDX analysis (Figure 46) was used 
on a spot of the light color minerals, displaying elemental abundances similar to Figure 
44. For instance, there is a peak of Sr and a relatively a smaller peak of Mg. This
exercise indicates that within a smaller magnification, aragonite represents a light color.
Figure 45. Backscattered electron image of aragonite (light color) at low magnification (x350) 
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Figure 46. EDX analysis of light color mineral (aragonite) reveals a peak of Sr and a relatively lesser 
amount of Mg, similar to elemental abundances in Figure 44 
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In Figure 47, distribution of two materials of different colors was represented. One is 
with lighter color, authenticating it is aragonite. The other material is with darker color, 
speculating it is high-Mg calcite. EDX analysis (Figure 48) also supports the hypothesis, 
showing a peak of relatively larger amount of Mg. 
Figure 47. Distribution of lighter and darker minerals, which are aragonite and high-Mg calcite respectively 
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Figure 48. EDX analysis of darker color mineral reveals there is a relatively larger amount of Mg, 
indicating it is high-Mg calcite 
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Elemental maps based on Ca (Figure 50), Mg (Figure 51) and Sr (Figure 52) of Figure 49 
(right side of Figure 47), show the arrangement of high-Mg calcite and aragonite. 
According to elemental mapping methods, the brighter the chemical zonation, and the 
higher the concentration. In Figure 50, the lighter area is Ca-rich, indicating the area is 
high-Mg calcite and aragonite. For Figure 51 and 52, the spatial distributions of Mg and 
Sr correspond to each high Mg calcite and aragonite, respectively. Mg-rich areas in figure 
51 becomes Sr-poor in figure 52 and vice versa, which further affirms the distribution 
based on color difference. 
Figure 49. Backscattered electron image of designated area, located on the right side of Figure 47, based on 
their color difference, spatial arrangement was roughly delineated 
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Figure 50. Elemental map of Ca, showing the light pink area is Ca-rich 
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Figure 51. Elemental map of Mg, showing the light blue area is Mg-rich 
42 
Figure 52. Elemental map of Sr, showing the relatively lighter area is Sr-rich 
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Discussion 
As shown in Figures 9, 13 and 35, light orange interiors representing low-Mg carbonate 
minerals are surrounded by dark orange exteriors representing high-Mg 
minerals. According to Choquette and Trusell (1978), aragonite shows a light orange 
color; high-Mg calcite shows a dark orange color in the stained sample investigated. 
Moreover, as depicted in Figure 36, an aragonite spherule is surround by high-Mg calcite. 
It is commonly assumed that interiors of the stromatolitic knobs represent older growth 
and therefore, aragonite formed first and Mg-calcite formed later. Moreover, calcite is 
more stable in general than aragonite and it has been shown that aragonite can 
spontaneously turn into calcite over geologic time (Boulos et al., 2014). 
However, more recently, experimental studies of Konrad et al. (2018) found that 
amorphous calcium carbonate stability and its phase development are controlled to a 
large extent by aqueous Mg concentration in the reaction solution. With higher Mg2+ 
concentration (＞0.055 M Mg2+) in solution, aragonite was formed as the final reaction 
product. Han et al. (2018) also indicated that Mg2+ ions in solution could induce the 
precipitation of calcium carbonate to form aragonite crystals and inhibit the process of 
polymorphic transformation from aragonite to calcite. According to Li (2017), the Mg2+ 
concentration of this study site is 0.06 M on average, which corresponds to the 
precondition of aragonite formation in the study by Konrad et al. (2018). Further, as a 
final reaction product, Konrad et al. (2018) also indicated for the aggregation of aragonite, 
it was found to form ~200-300 nm crystals aggregating into ~2 µm sized rods. 
As shown in an SEM image (Figure 43), 10 µm sized aragonite laths and 500 nm 
aragonite fragments both exist, indicating that calcium carbonate phase transformation 
was not accomplished completely by the time the sample was collected. Thus, the 
possibility that aragonite was formed as a final product cannot be ruled out considering 
the high magnesium concentration in Storr’s Lake. 
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Conclusion
To determine the spatial arrangement and distribution of aragonite and Mg-calcite in 
stromatolite from our study site, and hence to deduce the sequential order of minerals' 
formation, Titan-Yellow staining and Scanning Electron Microscopy were adopted. 
Several microscopic components make up the stromatolites. These components include: high-
Mg calcite, aragonite, and organic matter. After Titan-Yellow staining, Mg-calcite showed 
the color of dark orange while aragonite showed the color of light orange in a prepared 
thin section. The stromatolitic intervals include oriented, wavy to parallel carbonate and 
organic-rich laminae. Some peculiar features observed, including wavy Mg-calcite laminae 
parallel to margins, as well as, rare aragonite spherules that are 1 mm in diameter 
surrounded by Mg-calcite. Moreover, botryoidal aragonite is either discontinuous 
(distinct botryoids) or forms more continuous laminae (coalesced botryoids). A SEM image 
showed an aggregate of fibrous crystals, which is aragonite, crystal morphology is lath-like. 
In this image, 10 µm sized aragonite laths and 500 nm aragonite fragments both exist.
The overall trend of aragonite and Mg-calcite distribution in the investigated stromatolite 
section is aragonite growing internally while Mg-calcite growing externally. Ultimately, 
these stromatolites are of late Holocene age and grow with growth rate approxiamtely 16 
cm per 1000 years (Paull et al., 1992) in broadly analogous conditions: low energy 
setting, highly alkaline and saline lake. Even though interiors of the stromatolitic 
knobs represent older growth and aragonite is less stable than calcite, the formation process 
of these two minerals in stromatolites is still indistinct because the high Mg concentration in 
reactive solution plays a vital role in deciding the formation order according to recent 
researches.  
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Suggestions for Future Research
A lot more work needs to be completed to determine why high-Mg calcite is 
forming along margins and covering aragonite with uneven size crystals existing at 
same time. Also, the sequential order of formation process is still unsolved problem 
regarding for the high Mg concentration in Storr's Lake. However, the data related to it 
were collected from experiments so far, whether the result is transferable to study site in 
nature environments still needs to be discussed. 
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